Vlad tepes (vlt m651 ) is one of only five ''bloodless'' zebrafish mutants isolated through large-scale chemical mutagenesis screening. It is characterized by a severe reduction in blood cell progenitors and few or no blood cells at the onset of circulation. We now report characterization of the mutant phenotype and the identification of the gene mutated in vlt m651 . Embryos homozygous for the vlt m651 mutation had normal expression of hematopoietic stem cell markers through 24 h postfertilization, as well as normal expression of myeloid and lymphoid markers. Analysis of erythroid development revealed variable expression of erythroid markers. Through positional and candidate gene cloning approaches we identified a nonsense mutation in the gata1 gene, 1015C 3 T (Arg-339 3 Stop), in vlt m651 . The nonsense mutation was located C-terminal to the two zinc fingers and resulted in a truncated protein that was unable to bind DNA or mediate GATA-specific transactivation. A BAC clone containing the zebrafish gata1 gene was able to rescue the bloodless phenotype in vlt m651 . These results show that the vlt m651 mutation is a previously uncharacterized gata1 allele in the zebrafish. The vlt m651 mutation sheds new light on Gata1 structure and function in vivo, demonstrates that Gata1 plays an essential role in zebrafish hematopoiesis with significant conservation of function between mammals and zebrafish, and offers a powerful tool for future studies of the hematopoietic pathway.
Vlad tepes (vlt m651 ) is one of only five ''bloodless'' zebrafish mutants isolated through large-scale chemical mutagenesis screening. It is characterized by a severe reduction in blood cell progenitors and few or no blood cells at the onset of circulation. We now report characterization of the mutant phenotype and the identification of the gene mutated in vlt m651 . Embryos homozygous for the vlt m651 mutation had normal expression of hematopoietic stem cell markers through 24 h postfertilization, as well as normal expression of myeloid and lymphoid markers. Analysis of erythroid development revealed variable expression of erythroid markers. Through positional and candidate gene cloning approaches we identified a nonsense mutation in the gata1 gene, 1015C 3 T (Arg-339 3 Stop), in vlt m651 . The nonsense mutation was located C-terminal to the two zinc fingers and resulted in a truncated protein that was unable to bind DNA or mediate GATA-specific transactivation. A BAC clone containing the zebrafish gata1 gene was able to rescue the bloodless phenotype in vlt m651 . These results show that the vlt m651 mutation is a previously uncharacterized gata1 allele in the zebrafish. The vlt m651 mutation sheds new light on Gata1 structure and function in vivo, demonstrates that Gata1 plays an essential role in zebrafish hematopoiesis with significant conservation of function between mammals and zebrafish, and offers a powerful tool for future studies of the hematopoietic pathway.
T he hematopoietic compartment derives from a stem cell that differentiates through successive commitment steps to produce erythroid, myeloid, and lymphoid lineages (1) . Studies in the zebrafish have shown many parallels between zebrafish hematopoiesis and that of other vertebrates (2) . Primitive zebrafish hematopoiesis takes place ventral to the notochord in a region termed the intermediate cell mass (ICM) that forms from lateral plate mesoderm. Myeloid precursors appear to originate in an independent site from ventral mesoderm near the head (3). After 12 days post-fertilization, the kidney serves as the major site of hematopoiesis in the zebrafish.
The zebrafish system provides a powerful tool for the analysis of hematopoiesis. External fertilization, transparent embryos, and random mutagenesis and screening techniques allow phenotype-driven, ''forward'' genetic analyses to be performed (4) . Two large-scale chemical mutagenesis screens (5, 6 ) identified 26 hematopoietic mutants. Five independent mutants, including vlt m651 , had greatly reduced or absent blood cell numbers, suggesting defects in blood cell specification or differentiation; however, none of the genes involved in these mutations have been published to date.
A number of transcription factors in the GATA family have been shown to play important roles in mammalian hematopoietic development (7) . The family members are characterized by a highly conserved zinc finger region responsible for binding a consensus (A͞T)GATA(A͞G) site. GATA1, the first described gene in this family, is expressed in hematopoietic cells of the erythroid lineage, and has been shown to be required for both primitive and definitive erythropoiesis in mouse gene disruption studies (8, 9) .
We now report the characterization of the ''bloodless'' phenotype in vlt m651 homozygous mutants. We show that vlt m651 has a defect in the erythroid pathway with intact hematopoietic stem cell, myeloid, and lymphoid development. Through positional and candidate gene cloning, we identified a nonsense mutation in gata1, which results in a truncated protein that is unable to bind DNA or mediate transactivation through a GATA site. Therefore, vlt m651 defines a previously uncharacterized, null allele for gata1 and demonstrates the essential function of gata1 in zebrafish hematopoiesis.
Materials and Methods
Whole-Mount in Situ Hybridization. vlt m651 fish were bred and maintained as described (10) under an approved National Institutes of Health animal use protocol. Embryos were staged as described (10) . Whole-mount RNA in situ hybridization was performed as described (11) . RNA antisense probes were generated with UTP-digoxigenin according to the manufacturer's instructions (Roche Diagnostics). scl (12) , gata1 (13) , band3 (14) , alas2 (15) , sptb (16) (pBK-CMV BS12), e␣1 and e␣2 globin plasmids, and pu.1 were kindly provided by Leonard Zon (Harvard Medical School, Boston). ikaros was generously provided by Chris Amemiya (Boston University), rag1 (17) Centromeric Linkage Analysis and Diploid Mapping. Gynogenetic diploid embryos were generated from vlt m651 heterozygous females for centromeric linkage as described (10) . DNA was prepared from individual embryos at 4 days postfertilization and used in pools of 30 embryos, or as individuals for PCR. Heterozygote incrosses of vlt m651 fish were performed to obtain embryos for diploid mapping. DNA from wild-type and mutant embryos was prepared from individual embryos as described above. Microsatellite markers (Invitrogen) were used in PCR with Platinum Genotype Tsp Taq polymerase (Invitrogen) according to the manufacturer's specifications.
Zebrafish RNA and DNA Preparation. To prepare DNA from single embryos, embryos were placed into 100 l of DNA lysis buffer (10 mM Tris⅐HCl (pH 8.0)͞50 mM EDTA (pH 8.0)͞200 mM NaCl͞0.5% SDS͞0.5 mg/ml proteinase K) in 96-well format and incubated overnight at 50°C. The preparation was purified through Sephacryl S-400 (Amersham Pharmacia) columns, made by placing Sephacryl into each well of a MultiScreen filtration plate (Millipore, MAGVS2210). RNA was prepared using RNA-stat 60 (Tel-Test, Friendswood, TX).
PCR, Sequencing, and gata1 Genotyping. RNA was reverse transcribed into cDNA by using a cDNA cycle kit (Invitrogen). PCR was performed on cDNA or genomic DNA with multiple primers (described in Supporting Text, which is published as supporting information on the PNAS web site, www.pnas.org) spanning the gata1 gene. PCR products were purified using a PCR purification kit (Qiagen), followed by sequencing (ACGT, Northbrook, IL).
PCR was performed on DNA with primers Arg-339-S and -AS (see Supporting Text), using an annealing temperature of 60°C to genotype embryos for the gata1 (1015C 3 T) mutation. Arg-339-S is located in intron 5 so that the PCR reaction amplified only from genomic DNA, eliminating potential PCR contamination from plasmid. The PCR product was digested with TaqI at 65°C for 4 h, followed by gel electrophoresis in a 2% agarose gel.
Microinjection and Rescue Analysis. gata1 containing BACs were obtained from a zebrafish BAC library (Incyte Genomics) screened by PCR using primers (see Supporting Text) to the most 5Ј region of the gata1 promoter and to the 3Ј UTR.
BACs positive by PCR screening with both primer sets were isolated. Additional PCR using primers spanning the gata1 gene confirmed the presence of the entire gata1 gene. Embryos from heterozygote incrosses were injected at the one-cell stage, essentially as described (10) , with 100 pg of a BAC containing the gata1 gene. BAC DNA for injection was isolated using a Qiagen protocol for large plasmid isolation with the Qiagen maxi-prep kit. Injected embryos were harvested at 21 somites and used for in situ hybridization.
Electrophoretic Mobility Shift Assay. Zebrafish gata1, gata1 (Arg-339 3 STOP), or luciferase (luc) were used for in vitro translation using a transcription-translation-coupled reticulocyte lysates (Promega) according to the manufacturer's instructions. Aliquots of translated protein generated in the presence of 35 S-labeled methionine were analyzed on a 4-12% Bis-Tris gel (Invitrogen) and visualized by autoradiography. Proteins translated without radioactive methionine were used for electrophoretic mobility shift assay. Electrophoretic mobility shift assay was performed essentially as described (18), using 2 l of lysate per reaction with 1 g poly [dI] [dC] and 32 P-labeled probe (50,000 cpm) per reaction. 32 P-labeled double-stranded probes were generated as described (18) Transactivation Assay. NIH 3T3 cells were transfected using Superfect (Qiagen) according to the manufacturer's instructions. Three micrograms of pCS2ϩ-gata1, gata1 (1015C 3 T), or the positive control, mouse Gata1 (pXmGata1) and 2 g of reporter constructs M1␣ or M6␣, containing one or six copies of the GATA-binding site of the mouse ␣1-globin promoter, respectively, and the human GH gene (courtesy of M. Weiss and S. Orkin; ref. 19) were transfected. Supernatants were collected after 48 h and assayed for levels of GH by using an RIA per the manufacturer's protocol (Nichols Institute, San Juan Capistrano, CA). All values were within a standard curve determined using control proteins supplied with the assay kit.
Results

Phenotypic Characterization of vlt m651 . vlt m651
homozygotes are identified by an almost complete lack of circulating blood cells at the onset of circulation (5) . Heterozygote incrosses produce approximately 25% bloodless progeny, consistent with a recessive mode of inheritance. Hematopoietic gene expression in vlt m651 was examined by whole-mount RNA in situ hybridization of embryos from vlt m651 ͞ϩ incrosses. A difference in expression of a given marker in mutant embryos is indicated when a unique pattern of expression is observed in approximately 25% of the embryos from these incrosses. Expression of lmo2, scl, and cbfb (20) , all markers of hematopoietic stem cells, was normal in all embryos at 21 somites through 24 hours postfertilization (hpf) (data not shown). scl was initiated and expressed normally until approximately 24 hpf in all embryos. However, by 26 hpf scl expression in the ICM was lost from mutants with only a small amount of residual staining in the posterior ICM, where hematopoietic progenitors are thought to reside (Fig. 1b) , that disappeared by 30 hpf (data not shown), in contrast to the continued expression of scl in wild-type siblings ( Fig. 1a; refs. 12 and 21). Expression of gata2, a marker of hematopoietic progenitors, was normal in the mutants with expression through approximately 24 hpf, followed by a decline to undetectable levels as in wild-type siblings (data not shown).
Development of myeloid and lymphoid lineages was examined using genes expressed in these lineages. RNA in situ hybridization of myeloid markers [pu.1, l-plastin (3), and c͞ebp1 (11)] revealed no differences between wild-type and mutant embryos throughout development (data not shown). Lymphoid cells were examined using ikaros (22) and rag1 (17) at 72 hpf. Both these genes were expressed normally in the thymus, consistent with intact lymphoid cell development (data not shown). We conclude that vlt m651 mutant embryos had a specific loss of circulating erythroid cells, apparent by visual inspection of embryos after the onset of circulation, with intact expression of stem cell, myeloid, and lymphoid markers.
Analysis of erythroid gene expression revealed variable effects of the vlt m651 mutation on different erythroid genes. gata1 expression was initiated normally and expressed through 24 hpf (data not shown), but was greatly reduced or absent by 26 hpf (Fig. 1d) , in contrast to wild-type embryos in which strong ICM staining continued (Fig. 1c) . All gata1 staining was absent from mutants by 27-28 hpf. Expression of two embryonic ␣-globin genes (ea1 and ea2) was retained in the mutants from 14 somites through 24 hpf (shown at 21 somites, Fig. 1 e and f ) . In addition, one hematopoietic klf gene, biklf (23) or klf4 (24) , was expressed normally in the mutants through 24 hpf. There is no known EKLF ortholog in the zebrafish; however, biklf is a klf family member that is expressed in a pattern similar to gata1 (24) and is required for erythroid cell differentiation (25) . Expression of the ␣-globin genes and biklf was lost in mutants, but not wild type siblings by 26 hpf, coincident with the loss of gata1 expression at this stage in the mutants (data not shown). A number of other erythroid markers were greatly reduced or absent throughout development in the mutants. From 21 somites through 24 hpf, band3 ( Fig. 1 g and h) and sptb ( Fig. 1 i and j) were absent in the mutants. alas2 (Fig. 1 k and l) was severely reduced with a greatly reduced signal in the ICM in the mutants compared with wild-type siblings.
Identification of a Nonsense Mutation in the gata1 Locus in vlt m651 .
The vlt m651 gene was mapped to linkage group 11 (LG11) through half-tetrad analysis (26) by using gynogenetic diploid embryos, which are homozygous for each maternal chromosome without contribution from paternal chromosomes. They were generated from vlt m651 heterozygous females by using early pressure to block the second meiotic division, and mutant embryos were identified by visual inspection.
In the absence of crossing-over in first meiosis, 50% of gynogenetic diploid embryos from a heterozygote female will display a mutant phenotype. When crossing-over occurs, only phenotypically wild-type progeny are generated. The probability of crossing-over is proportional to the distance from the centromere. As a result, the distance of the mutant gene from the centromere can be calculated using the following equation: distance in centimorgans (cM) ϭ 50[1-2(M͞n)], where M is the number of mutant embryos and n is the total number of embryos (26) . Using this equation, a distance of 2.3-3.2 cM from the centromere was calculated based on the findings in gynogenetic diploid embryos from two heterozygous females (#1, M ϭ 236 and n ϭ 496; #2, M ϭ 47 and n ϭ 90). Based on these findings, centromeric linkage analysis was expected to yield a linkage quickly and efficiently.
Pooled DNA from mutant and wild-type embryos was analyzed with centromeric markers to assess linkage. The centromeric markers, z13395, z22766, and z1393, all located on LG11, demonstrated linkage with the vlt m651 gene in this analysis. z22766, z13395, and additional markers in the region of these markers on LG11 were used to genotype individual embryos from heterozygote incrosses. Based on the recombination distances calculated (Fig. 2) , the vlt m651 locus was localized between markers z4190 and z20709. The gene encoding the hematopoietic transcription factor, gata1, mapped to this location (27) and was therefore a candidate gene (Fig. 2) .
gata1 was amplified using PCR from both cDNA and genomic DNA from vlt m651 embryos. The entire ORF of gata1 and the intron-exon junctions from genomic DNA were sequenced and analyzed. A C 3 T transition at position 1015, resulting in a nonsense mutation at Arg-339, was identified in vlt m651 embryos (Fig. 3a) . The C 3 T transition destroyed a TaqI restriction enzyme site at position 1014, allowing genotyping to be performed by PCR and TaqI digestion of the PCR product (Fig. 3b) . By this analysis of phenotypically wild-type embryos from heterozygote incrosses, there were no recombinants at the gata1 locus in 774 meioses (387 embryos). However, an analysis of phenotypically mutant embryos revealed 4 heterozygous embryos per 265 embryos assessed. An analysis of embryos generated from two crosses between vlt m651 ͞ϩ fish and wild-type siblings (ϩ͞ϩ) revealed 5 bloodless embryos of a total of 871 embryos including 3 heterozygotes and two homozygous wildtype by genotyping. Thus, the discordance between genotype and phenotype in mutant embryos is likely due to a low-frequency that results in a bloodless phenotype.
The conceptual translation of gata1 (1015C 3 T) predicts a nonsense mutation at Arg-339, truncating the last 79 aa of Gata1. Based on homology with mammalian Gata1 proteins, the two highly conserved zinc fingers will remain intact in this truncated protein (Fig. 3c) . The truncation removes 13 aa of the basic domain that is highly conserved between all species examined to date (Fig. 3c ). An additional nonconserved 66 aa downstream are also absent in the truncated Gata1.
A number of other sequence differences were also found in both the mutant and wild-type alleles when compared with the previously published gata1 sequence (GenBank accession no. U18311). Most of the sequence differences occurred at the wobble position of the codon and would not result in a protein coding change. However, two DNA differences from the previously published sequence were noted in both wild-type and mutant alleles that resulted in amino acid differences in the conceptual translation of the published sequence (nucleotide 331C 3 G), Pro-111 3 Ala and (nucleotide 752A 3 G) Gln-251 3 Arg. Analysis of the amino acid sequence in comparison to GATA1 from other species showed that in the Pro-111 3 Ala position, there are glycine, alanine, leucine, or serine residues in other species, but no proline residues. In the Gln-251 3 Arg position, other species studied to date all encode an arginine. Therefore, the two DNA differences identified here are consistent with sequences in other species, and are unlikely to be responsible for the vlt m651 phenotype.
Functional Analysis of Gata1 (Arg-339 3 Stop).
To analyze the functional consequences of the nonsense mutation in Gata1, zebrafish gata1 or gata1 (1015C 3 T) cDNA constructs were transfected into NIH 3T3 cells with Gata1 reporter plasmids to assay transactivation. Gata1 (Arg-339 3 Stop) was unable to activate mammalian promoter constructs containing one (M1␣) or six copies (M6␣) of a Gata1 binding site from mouse ␣1-globin gene (19) . Wild-type Gata1, however, was able to transactivate the mammalian promoter over 30-fold, comparable to mouse Gata1 (Fig. 4) .
Although the zinc finger domains required for DNA binding were intact in Gata1 (Arg-339 3 Stop), a 13-aa downstream basic region that has been demonstrated in vitro to participate in DNA binding was absent. DNA binding ability of Gata1 (Arg-339 3 Stop) was tested in an electrophoretic mobility shift assay. In vitro-translated wild-type zebrafish Gata1 bound mouse ␤͞ globin and ␣1-globin promoter sites, whereas Gata1 (Arg-339 3 Stop) demonstrated no DNA binding (Fig. 5a) . phenotype, either mRNA or cDNA encoding Gata1 or Gata1 (Arg-339 3 Stop) was injected into one-cell embryos generated through vlt m651 ͞ϩ incrosses. Embryos injected with gata1 mRNA, or cDNA under a cytomegalovirus promoter, had severe morphologic abnormalities before the onset of circulation. Morphologic abnormalities were apparent with as little as 5 pg of injected gata1 mRNA or 25 pg of cDNA. This phenotype may have resulted from widespread activation of GATA-responsive promoters. In contrast, injection of 25 pg of gata1 (1015C 3 T) mRNA or 75 pg of cDNA did not produce any morphologic abnormalities in injected embryos. The absence of defects in the The indicated constructs (on the x axis) were transfected into NIH 3T3 cells with either the M1␣ (black) or the M6␣ (gray) Gata1 reporter gene, GH levels in the medium were measured and calculated using a standard curve. All values were within the linear range for the assay. The experiments shown are each representative of three independent experiments with samples transfected in triplicate and GH levels measured in duplicate. The y axis represents fold inductions relative to the activation of the reporters by using a pcDNA3 vector control. pcDNA3.1, control empty vector; pXmGata1, mouse Gata1; zgata1, zebrafish gata1; Arg-Stop, gata1 (1015C 3 T).
gata1 (1015C 3 T) injected embryos is consistent with production of a nonfunctional protein.
Given the defects caused by misexpression of gata1 in early embryos, a gata1-containing BAC identified through screening a zebrafish BAC library by PCR was used for injections to assess rescue. In this approach, gata1 is expressed under its own promoter, so that hematopoietic-specific expression is expected. The phenotype analyzed for rescue was band3 positivity by in situ hybridization at 21 somites through 24 hpf because vlt m651 mutant embryos are easily identified by absolute absence of band3 expression. Genotyping could not be performed because of the injection of a gata1-containing BAC, so the number of band3-negative and band3-positive embryos were counted. The control samples (uninjected or injected with an irrelevant PAC) had 23.4% band3 negative embryos, which was consistent with a recessive mode of inheritance by 2 analysis (Fig. 6d) . In contrast, samples injected with the gata1 BAC had only 14.9% band3-negative embryos, which deviated significantly from recessive inheritance (P Ͻ 0.005). Therefore, the gata1 containing BAC was able to rescue some of the mutant embryos. In addition, injection of DNA usually results in mosaic expression of the injected DNA. Whereas control embryos were either band3 positive throughout the ICM (Fig. 6a) or completely negative (Fig. 6b) , mosaic expression of band3 was apparent in gata1-BAC-injected band3-positive embryos (Fig. 6c) , possibly resulting from mosaic rescue of mutant embryos by the injected gata1-BAC.
Discussion
In this report, we have identified a zebrafish gata1 mutation in a ''bloodless'' zebrafish mutant, vlt (28) . Furthermore, the basic domain of chicken Gata1 was shown to wrap around and bind the minor groove of DNA by NMR spectroscopy (29) . In that study, seven amino acids from the basic region made direct contact with residues in the minor groove of DNA. These 7 aa are conserved in Gata-1, -2, and -3 in species ranging from Xenopus and zebrafish through humans, consistent with a crucial role for these amino acids. In vlt m651 , 4 of the 7 aa (marked by asterisks in Fig.  3c ) are absent in the truncated protein (Arg-339 3 Stop). Further, a truncation deletion starting 3 aa C-terminal to the vlt m651 mutation in the murine Gata-1 protein (and therefore missing only two of the amino acids that contact DNA) retained in vitro DNA binding ability, but had markedly reduced transactivation and differentiation capability in a megakaryocytic cell line (30) . Thus, vlt m651 adds in vivo support for the importance of this domain to DNA binding and transactivation.
In vlt m651
, the presence of gata1 mRNA seen by in situ hybridization demonstrates that transcription of gata1 occurs at relatively normal levels in the absence of Gata1 function and shows that nonsense mediated decay does not play a significant role in vlt m651 . In mouse and chicken, multiple GATA sites in the GATA1 promoter have been shown to be required for erythroidspecific expression (31-33), suggesting possible autoregulation. However, analysis of a mouse Gata1 promoter͞lacZ transgene in a Gata1 null background showed the ability of Gata1 to be expressed in primitive red blood cells in the absence of Gata1 (33) . More recently, positive autoregulation by ectopic expression of gata1 was demonstrated in zebrafish (34) . Further studies using vlt m651 could help to elucidate the regulation of zebrafish gata1.
Analysis of stem cell and erythroid gene expression in vlt m651
showed relatively normal RNA expression of a number of genes believed to be regulated by Gata1 in mammals. Mammalian Scl (35) , multiple globin genes (36) , and Gata1 itself all contain GATA sites in their promoter and͞or enhancer regions. In vlt m651
, scl, e␣1, and e␣2 globin, and gata1 were expressed at normal levels until approximately 24 hpf. These results are similar to findings of normal globin expression both in Gata1 null mice at E9.5 (37) and in Gata1 null definitive proerythroblasts (38) . Proerythroblasts derived from in vitro differentiation of Gata1 null ES cells have also demonstrated relatively normal levels of scl transcript (38) . These results could be explained through compensation by Gata2, as has been hypothesized in the mouse (38) . Alternatively, the above genes may not require Gata1 for expression. In mouse Gata1 null definitive proerythroblasts, the levels of Gata2 were markedly elevated (20-fold) in a quantitative PCR analysis (38) , leading to the hypothesis that Gata2 may compensate for loss of Gata1. In contrast, RNA in situ hybridization of gata2 in vlt m651 appeared normal in our studies, without any significant elevation. However, up-regulation of gata2 within a subset of cells such as the proerythroblasts would be difficult to detect by whole-mount in situ hybridization or RNA analysis using RNA derived from whole embryos. Unfortunately, it is currently not feasible to culture hematopoietic cells from zebrafish to analyze isolated cell populations, as was done in mice.
In contrast to the normal expression of the erythroid genes described above, band3, sptb, and alas2 expression were absent or severely reduced in vlt m651 , at all stages examined. In mammals, sptb (39) and alas2 (40) (41) (42) genes have been shown to have GATA binding sites within their promoters that are required for transactivation in tissue culture. In the zebrafish, embryonic globin gene expression was observed earlier (at 3-6 somites) than sptb, alas2, and band3 (at 16 somites) (S.E.L., unpublished results). Therefore, the results may indicate erythroid precursor differentiation arrest in vlt m651 before expression of the more terminal erythroid markers (43) , sptb, alas2, and band3. Alternatively, the absence of band3, sptb, and alas2 expression may reveal an absolute requirement for Gata1 for their transcriptional regulation.
The mutation in vlt m651 represents a novel gata1 allele and is the first gata1 mutation identified in the zebrafish. The characterization of vlt m651 demonstrates significant functional conservation between mammalian and zebrafish hematopoiesis. Further, the finding of a gata1 nonsense allele in the zebrafish will allow future studies of the hematopoietic pathway, using the strengths of the zebrafish model.
